The aim of this work was to develop a model for the iron ore sintering process with special focus on heat front propagation through the packed bed and to provide a powerful tool ("SinterSim v1.1") for the simulation of the sintering process. Special interests were paid to the sub-models of fluid flow through the packed bed, oxidation of carbon monoxide, coke combustion, melting and solidifying of the bed material and the thermal decomposition the of ore components. Base case calculations were done showing very good agreement compared to values gained in test runs of the sintering process in a sinter pot. Numerous calculations with varied parameters were carried out to evaluate the behavior of the sintering process in means of a sensitivity coefficient for the specific variation. For duration of the sintering process and height of the sintering zone the most sensitive parameters turned out to be the mean diameter of the sinter mix material, void fraction inside the packed bed, the amount of coke breeze in the bed, the humidity of the green sinter mix and the amount of Fe 2 O 3 in the ore.
Introduction
The Sintering Process as used in the steel industry grants the special needs on burden material used in the blast furnace. The machines nowadays mainly used are DwightLloyd type sinter strands.
The aim of this work is to provide a tool for the simulation of this process (with focus on progression speed of the sintering front inside the packed bed) including proper models of the most important and most influencing processes occurring inside the packed bed of sinter mix material on the pallet of a Dwight-Lloyd sinter strand.
The modeling work is done by using a 1-dimensional cell model of the packed bed. Putting together such 1-dimensional slices of the packed bed in a parallel way makes it possible to simulate the behavior of a widely used test-rig, the so called "sinter pot", while putting together these slices in a sequential way makes it possible to simulate the behavior of a Dwight-Lloyd type sinter strand.
Special demands on the model, such as off-gas recirculation or particle segregation inside the packed bed, can be simulated because of a division into eight temporal phases and seven height sections, respectively.
Implemented processes include: • The fluidic behavior of the gas mixture inside the packed bed.
• Heat transfer due to convection and conduction.
• Vaporization and condensation of water including the aspect of the effects on bed voidage.
• Thermal decomposition of carbonates inside the bed.
• Coke combustion including the aspect of its effect on bed voidage.
• Conversion of gas components (homogeneously and heterogeneously catalyzed).
• Partial melt-up and solidifying of solid material mixtures.
• Shrinkage of the packed bed.
The programming work is done in a development environment using Fortran95 as programming language that makes it possible to provide a powerful executable file for widely used operating systems. The modularity of the program code and the discrete mathematical model make it possible to adapt the code for further development of the model.
A base case simulation is evaluated against a sinter pot test runs to analyze the accuracy of the model. Intensive testing and evaluation of the model is done to evaluate the effects in changes of program-internal and user provided parameters.
Theoretical

The Model
The simulation of the sintering process was done using discrete mathematics in a 1-dimensional cell-model. This means that no differential equations are used to solve the balances of each cell. The advantage of this type of model in comparison to other, previously developed models (e.g. the model by Cumming et al. 1) ) is a simple way of solving energy and material balances for the considered slice of a sintering bed.
By combining the slices in different ways with regard to time and place one can either simulate the behavior of a sinter pot, which is a widely used test-rig for the sintering process, or the whole 'Dwight-Lloyd' type sinter strand. Figure 1 shows these two ways, referred as "parallel" and "sequential" combination of slices.
For the simulation of the process, the sinter bed itself is considered to consist of spherical particles with given mean diameter. The particle matter itself is assumed to be a homogenous mixture of all the considered compounds except for coke. Coke is treated separately (in diameter and matter composition) so that the burn down of coke particles and their retroaction on bed voidage can be handled properly. The considered solid compounds are as follows: 
The considered gaseous components include:
Two nested iterations, one for gas outlet temperature T gas,out of each cell n and one for the overall pressure drop over the bed Dp bed are used for solving changes of bed and gas properties for a discrete time step in the whole process.
The exit conditions for the two loops are given in the following equations: Factor k in Eqs. (2) and (4) is an arbitrarily chosen damping coefficient for the iteration which can have values between 0 and 1. The nearer k is to 0, the better is iteration behavior for convergence towards the solution of the problem. The nearer k is to 1, the faster the solution is reached but the higher is the danger of not finding any solution.
Because of a low residence time of the gas inside the packed bed of sinter mix material the solid matter is seen as in a quasi-steady state for the calculation of solid and gas properties at time t. The changes of solid properties are therefore applied to the calculation of the next time step tϩ1 and do have no effect on the calculation of time step t.
Pressure Drop across the Sintering Bed
As pressure drop across the sintering bed is a decisive factor for the amount of gas streaming through the bed and therefore has major influence on heat front propagation through the bed, it is necessary to apply a proper model for it. The chosen method is according to Ergun 2) as shown in Eq. (5).
....(5)
Factors A and B in Eq. (5) have, according to Ergun, values of A=150 and B=1.75, respectively. Comparing calculated values for pressure drop using A and B as proposed to measured values for a packed bed of wet sinter-mix material, significant differences show up, as indicated in Fig. 2 analysis of the permeability of iron sinter feeds on the basis of Ergun's equation was done by Rankin et al. 3) They denoted a significant variety of permeability depending on the type of iron sinter feed used in the measurements. In further studies, Rankin et al. 4) have investigated the influence of moisture on the permeability of sinter beds. They have measured an increase of pressure drop over the bed with higher moisture values of the sinter mix material. They attributed it to a decrease in bed voidage due to either the accumulation of condensed water in interstices between the granules or a swelling of the granules with a consequent increase in mean diameter and a decrease in bed void fraction.
In order to predict the volume flow correctly the values for A and B in Ergun's Equation have been adapted by the method of least square fit, instead of changing values for shape factor and voidage as proposed by Rankin et al. 4) A very good match with the measured values is achieved then as shown in Fig. 3 . This method was also proposed by Venkataramana 5) dealing with cold permeability in the wet stage of iron ore sintering processes.
Heat Transfer
Energy flow into and out of a cell due to temperature differences consists of convective heat transfer, heat conduction in the solid phase and energy flow due to radiation. Heat produced by chemical reactions and energy flow due to phase changes, i.e. melting and solidifying of solid material or vaporization and condensation respectively have to be added to get the total heat balance for a calculation cell as shown in the following equation:
Q tot ϭQ conv ϩQ cond ϩQ rad ϩQ reaction ϩQ phase-change ...... (6) As Young 6) and Dash et al. 7) proposed, radiative effects can be neglected within the packed bed and from the top and bottom layers of the bed. Thus, only convection and conduction have been considered.
Convective heat transfer is calculated with equations recommended by Gnielinski 8, 9) by determination of the Nusselt Number Nu for a packed bed of single particles of same shape.
The conductivity of a packed bed can be calculated from a model developed by Zehner, Bauer and Schlünder. [10] [11] [12] [13] It depends on the following primary parameters: l p (heat conductivity of the particles), l f (heat conductivity of the gas), and e (bed voidage). Secondary parameters, such as parameters for pressure dependence or for the influence of radiation, are omitted because of the minor influence of these factors on the whole system.
Vaporization and Condensation
At the beginning of the sintering process hot off gas from the gas burner is streaming through the packed bed. After the ignition period ambient air is heated in the burning zone of the bed. This hot gas is heating the cold sinter mix material below and therefore is vaporizing the moisture out of the particles at a certain temperature. This temperature depends on the vapor pressure of water and can be calculated from the following equation extrapolated from values of a comprehensive collection of thermodynamical data by Bahrin Equation (7) is an extrapolated logarithmic function for vaporization temperature of water depending on pressure level in the sinter bed. When a particle in the bed reaches this temperature, a certain amount of water according to the heat flow between gas and solid is vaporized and the water content of the particle is decreasing. While there is still moisture in the particles of the cell in which vaporization takes place, solid temperature is thought to be constant at vaporization temperature J vap .
In the lower regions of the bed, where the gas stream is cooled down again, steam is condensing on the particles. Calculation of the amount of condensed steam is done by determination of the relative humidity j of the gas. The mass of water that is condensing in the actual time-step with duration Dt is as the following equation shows:
............. (8) It is assumed that condensation is happening fast, so that the relative humidity of the gas leaving the cell, where condensation is happening, is equal to 1. Condensed water increases the humidity of the particles in the cell. It is known that particles in the bed can only hold a certain amount of water until this part of the bed is "overmoistured", i.e. pressure drop in this area increases dramatically, so that nearly no gas can be sucked through the bed anymore.
Two different reasons for this effect, concerning moisture level of the particles, are included in the model: firstly, condensed water that cannot be held by particles decreases voidage in the affected cell, secondly, height reduction of the bed ("slumping") caused by burden, suction and moisture, which also decreases voidage of the affected cells. Slumping of the bed is an additional effect that is implemented into the model based on experimental knowledge of test runs done in a pilot plant. Total height reduction of the bed is in the range of 10 %. A main influence factor is again bed moisture. It was obvious then to define a separate threshold value of moisture to determine, when shrinkage of a cell occurs. In fact, the cause for slumping is a combination of more than only bed moisture. This model therefore should be of interest for further investigations. 3 A main component of the sinter mix material is limestone. For the model, the whole mass of it is seen as CaCO 3 . According to Ballal et al. 15) thermal decomposition of limestone occurs at temperatures of about 600°C and is an endothermic process. Calcination is reversible and the extent of the reverse reaction is influenced by temperature and the partial pressure of CO 2 . 
Thermal Decomposition of CaCO
Thermal Decomposition of Ore Components
Calcium carbonate does not only occur as main component of limestone, it also occurs as a part of the iron ore, which is used in the sinter-mix, upon other carbonates of metals, such as iron, magnesium and manganese carbonate. These chemical substances within the ore also decompose to CO 2 and the according oxide with rising temperatures.
Data for chemical kinetics of these reactions were not available for the type of iron ores used in this process, so the data for the Arrhenius type equations for reaction kinetics had to be obtained out of own measurements done by thermo gravimetric analysis (TGA). The results of the TGA are shown in the following equations:
....... (11) ....... (12) ...... (13) ...... (14) 2.7. Reactions of CaO and Ca(OH) 2 Condensed water out of the gas stream reacts with CaO in the bed in a strongly exothermal reaction to Ca(OH) 2 . As a matter of fact, this reaction will not take place, if CaO is only a product out of thermal decomposition of CaCO 3 except for the case, that saturated air at a higher temperature than bed temperature is sucked into the bed.
The second case, in which this reaction can happen is, when CaO is present as component of the unsintered bed material. As this material is wetted and rolled before being brought on the grate, the possibility of having CaO in the green mix is quite low.
The formation of Ca(OH) 2 is assumed to occur instantaneously in presence of liquid water and CaO.
The kinetics of the reverse reaction, again a thermal dissociation, is described in the work of Hartmann et al. 16) Based on experimental work done by Irabien et al. 17) they were able to correlate the experimental data by nonlinear regression with reasonable accuracy with the following expression:
......... (15) 
Coke Combustion
Coke is the essential provider of energy to assure the propagation of the heat front through the sinter bed after the ignition zone. The amount of coke breeze is also essential for peak temperatures and width of the heat front and therefore the amount of melt in the sinter bed.
Coke combustion is a heterogeneous reaction between oxygen out of the gas streaming through the sinter bed, and
. . .
particles of coke inside the bed. In heterogeneous reaction systems, not only the kinetics of the reaction itself but also mass transfer of reacting components can be the limiting factor in combustion rate. Mass transfer of oxygen to the surface of the coke particle can be described similarly to convective heat transfer. Therefore again the equations by Gnielinski 8, 9) are used to determine the Sherwood Number Sh for a packed bed of single particles of same shape.
As Winter et al. 18, 19) showed by measurements done with different types of coke breeze, which are used in the sintering process, the specific reaction rate based on volume of the particle is not constant. This indicates that a 'Progressive Conversion Model' as proposed by Levenspiel 20) is not useful for modeling of coke combustion in the sinter process. Thus, the reaction rate based on the surface of the particle shows up as nearly constant. The 'Shrinking Particle Model' as proposed by Levenspiel 20) can so be used to obtain good agreement to measured values and is therefore chosen for the present model. Here it is assumed that the density of the fuels particle remains constant, while the particle diameter decreases with progressing conversion.
The measurements done by Winter et al. 18) showed that for temperatures below 900°C the chemical reaction rate is a limiting factor in combustion of the cokes used in the sintering process. Chemical reaction kinetics was calculated out of a differential analysis of the obtained data. Depending on the temperature, at which reaction (R-1) takes place, a certain mixture of carbon monoxide CO and carbon dioxide CO 2 is produced. This mixture is expressed in terms of fraction f, which represents the ratio of molar flux of carbon to oxygen, which can easily be expressed in terms of the ratio of molar flux of the two gaseous products CO and CO 2 as shown in Eq. (18) The main influence of this ratio comes from particle temperature. The higher it rises the more CO is formed. The description of temperature dependency is usually done by the following exponential approach with coefficients as denoted by Arthur Coke itself consists not only of pure carbon. In the matrix of the material oxygen and hydrogen are bound as well. These elements get free, when coke is combusted. Hydrogen immediately is oxidized to water. Free oxygen adds to the oxygen brought to the surface by diffusive transport.
Taking into account, that the Shrinking Particle Model was chosen to describe reaction kinetics, the effect of this model on bed voidage also has to be considered. Coke ash is assumed to be either carried out of the bed by the gas stream or to be bound to the non-coke sinter material. Nonetheless, because of the low amount of coke breeze (about 2.5-3 [mass%]) ash is neglected in considerations concerning non-coke material in the bed.
The sketch in Fig. 5 shows, how the particles are treated in the model. It represents one calculation cell with height h n in the bed at calculation time t. The big, light circles represent non-coke sinter mix material particles (denoted as "SM") with diameter d pm , the small black circles coke particles (denoted as "C") with diameter d pc . The white area between these particles represents the void fraction of the packed bed (denoted as "e"). As the diameter of a coke particle gradually shrinks with combustion, the void volume between non-coke particles grows. This, again, influences the amount of gas that can be sucked through the bed by a reduced pressure drop in the cells with less coke. 2 According to the previously mentioned combustion model only a part of the coke is fully oxidized to carbon dioxide, the other part reacts to carbon monoxide. Because of the high temperature in the bed and therefore high particle temperatures, a large amount of carbon monoxide is built by coke combustion, which is then passing through the bed. At such high gas temperatures it is therefore obvious to consider homogenous combustion of carbon monoxide with oxygen to carbon dioxide. The reaction kinetics is according to Howard et al. 23) dependent on the concentrations of carbon monoxide, oxygen and water in the gas. In addition to homogenous oxidation of carbon monoxide a heterogeneous catalytic mechanism takes place in the sinter bed. It was found out, that limestone and material with noticeable carbonate content have catalyzing effects on carbon monoxide oxidation in the gas streaming through the bed. Therefore measurements were done to determine the kinetic parameters for this catalyzed reaction by Löffler et al. 24) For the catalyzing effect of a specific ore ("Heimisches Erz") used at some sinter plants the following reaction rate was proposed: 
Reactions of CO and CO
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.(21)
The produced carbon dioxide from coke combustion and carbon monoxide oxidation may come in contact with present coke. So also heterogeneous carbon dioxide gasification, the so called "Boudouard Reaction" has to be considered in the reaction system of the sintering process. According to Bi et al. 25) the following expression for the reaction rate is used: 
Melting and Solidifying of Ore
Considering the melting temperatures and the melting behavior of pure components, such as hematite, magnetite or pure iron, it is obvious that periods of constant value in temperature rise of solid material should show up in data obtained from, for example, pilot plant tests. In fact, such "holding points" for solid material temperature cannot be found in data from these tests. Therefore phase diagrams for two component systems are taken to describe the melting and solidifying process in the bed. Figure 5 shows a part out of such a diagram for a system containing calcium oxide (CaO, abbreviated as C) and hematite (Fe 2 O 3 , abbreviated as F). Though still, for a constant mixture of the two components a fixed value for melting temperature can be picked out of the diagram above.
A normal distribution, with user provided standard deviation and the mean concentration of calcium oxide in the still not molten binary mixture as determining parameters, is applied to the actually calculated cell of the sinter bed. In Fig. 7 an exemplary sketch is shown.
For the prevailing temperature in the cell, which is represented by the horizontal line in Fig 7, the values for the compositions on the melting curve (line a for the lower value and line b for the higher value) are determined by intersection. The fraction of area between these two values under the normal distribution curve then represents the maximum fraction of solid mass of binary mixture that can be molten in the actually calculated cell. In comparison to a fixed melting point for a certain component, this melting model produces a melting temperature interval for a binary mixture.
For the model two binary mixtures of main components were considered as important for the calculation: CaOFe 2 O 3 and FeO-SiO 2 .
Results and Discussion
The Simulation Base Case
The simulation base case is the calculation of a typical sintering run as defined by the authors. The 'Base Case' can be characterized by the following values: . ; • The material that is to be sintered is made up of °7 9. With the initial values given with these definitions the calculation can be started. Figure 7 shows a parametric plot with solid material temperature in °C as parameter over simulated time in s versus bed height in means of cell numbers.
In detail, Fig. 8 shows different phases and effects occurring in the sinter bed. The most visible can be seen at the very beginning of the simulation: The ignition phase that is lasting for 150 [s]. It is followed by those phases, in which the heat front is moving through the porous bed. A broadening of the heat front can be seen quite clearly in all these time phases.
While the ignition phase lasts, it can be seen that the heat front does not move into the bed in a linear way. In fact, the longer the ignition phase lasts the slower the front moves down into the bed. This is mainly due to the fact that the area of solid bed material with high temperature grows. This means that there is then a larger zone with high gas temperatures and therefore higher gas velocities in this area of the bed causing increased pressure drop there.
Supplementary, in the zones of coke combustion and thermal dissociation of carbonates additional streams of carbon monoxide and carbon dioxide are produced as well as water is set free in the zones of vaporization. This increases gas mass flow in the lower, cold regions of the bed and this again causes an increase in pressure drop there.
These effects together would lead to a higher overall pressure drop across the packed bed. Due to limited or constant power of the suction pumps under the grate the pressure drop across the bed cannot rise. Therefore the amount of gas sucked into the bed must decrease to achieve the same pressure drop again. In Fig. 9 , especially the curve for inert nitrogen (which can directly be related to the mass flow of gas entering the bed) clearly shows the described effect while the ignition phase lasts.
In Fig. 9 it can also be seen that gas mass flow into the bed is significantly rising at the beginning of Phase 1 due to the higher pressure drop in the bed caused by the switch of suction pump power from ignition phase to sintering phase. Afterwards, gas mass flow into the bed slightly decreases again until simulated sintering time reaches a value of about 250 [s]. This effect can be explained by looking at the condensation rate inside the bed as shown in Fig. 10 : Condensation of vaporized moisture in the lower regions of the bed heats up solid sinter bed material to a temperature of about 50-60°C. At this temperature condensation stops inside the bed. Until all the bed material below the high temperature area is heated up due to condensation, pressure drop in these zones is increasing and therefore total mass flow into the bed is decreasing to compensate this.
From about 250 [s] until the end of the sintering process the gas mass flow increases slightly due to the increased void fraction inside the bed because of the void space freed due combustion of coke particles (also refer to Fig. 5 ). Additionally the zones above the high temperature area are cooled down to ambient temperature again whereas the area below the high temperature zone heated up due to condensation gets smaller: This causes a lower pressure drop in these cooler areas of the bed. Additionally the high temperature zone is moving down the bed where void fraction is increasing. These effects lead to an increase in mass flow of gas entering the bed which can be seen in Fig. 9 .
As described in above the main product of coke combustion is carbon monoxide. It is converted to carbon dioxide via two different mechanisms: Homogeneous conversion in the gas phase and heterogeneous (catalytic) conversion with the substances described above acting as catalyst. During the ignition phase, homogeneous oxidation inside the bed dominates, in the following phases heterogeneous conversion of carbon monoxide is the main source for carbon dioxide. Figure 11 shows the importance of the latter mechanism in these phases of the sintering process:
The main intention of the whole process is to partially melt up the solid material in the bed so that the sintering process itself can take place. The plot shown in Fig. 12 reveals the place and value of the highest melting and solidifying rates inside the packed bed as calculated by the simulation.
Comparison of the base case to sinter pot tests
The results of the sintering process simulation had to be compared against data gained in sinter pot tests by comparison of some predefined characteristic values. These values are as follows:
• Breakthrough time of the vaporization front through the bottom layers of the packed bed of the sinter pot.
• Breakthrough time of the heat front through the bottom layers of the packed bed of the sinter pot.
• Mean carbon monoxide content of the gas leaving the packed bed of the sinter pot • Mean carbon dioxide content of the gas leaving the packed bed of the sinter pot The breakthrough time of the vaporization front is defined by the point of time at which the lowest layer of the packed bed reaches vaporization temperature. This temperature is, depending on pressure conditions, slightly below 100°C.
Mean content of carbon monoxide and carbon dioxide are determined for the time interval after igniting the top layers of the packed bed ending with the breakthrough time of the heat front through the lowest layers of the packed bed.
The breakthrough time of the heat front through the bottom layers of the bed is a characteristic value for heat front propagation speed and therefore for the performance of a sinter strand. It is defined by the point of time at which the lowest layer of the sinter bed reaches a temperature of 1200°C.
In comparison to the values gained in a sinter pot test run the simulation is very accurate. The values for breakthrough time of the heat front and the condensation front and gas composition (in means of CO and CO 2 ) for the compared duration (starting with the sintering phases after ignition of the bed and ending with breakthrough of the sintering front) are as shown in Table 2 : Figure 13 shows a comparison of carbon monoxide and carbon dioxide content in the off gas of the simulation to the sinter pot test versus time. 
Variation of Parameters
To get a better understanding of how the sinter process model is reacting on changing internal and user given parameters respectively, it is necessary to perform an evaluation of systematic parameter variations. The variations are concerning the following aspects of the model: The most sensitive parameters on duration and width of the sintering zone were determined by conducting numerous parameter variations and are outlined in the following figure: A change in void fraction has the strongest influence on both, duration of the sintering process and width of the sintering zone with sensitivity coefficients of SϭϪ2.83 and Sϭϩ1.08, respectively. The amount of coke breeze inside the bed has a strong influence on the width of the sintering zone with a sensitivity coefficient of Sϭϩ2.813. Also bed humidity and the amount of Fe 2 O 3 do have a great influence on the width of the sintering zone with sensitivity coefficients of SϭϪ1.319 and Sϭϩ1.111, respectively, while a change in mean diameter has a strong influence on sintering duration with a sensitivity coefficient of SϭϪ0.943.
Conclusions
The aim of this work was to develop a simulation model of the sintering process with special focus on the propagation velocity of the heat front through the bed. Special attention was paid to the modeling of the gas flow in the packed bed, to coke combustion, to the heterogeneously catalyzed oxidation of carbon monoxide and to the thermal dissociation of carbonates in iron ore and the partial melting and solidifying of the sinter bed.
A simulation base case was defined similar to test runs done in a sinter pot according to the typical operation conditions of the sinter strand. Very good agreement between simulation and experimental results could be found for the values compared without fitting any of the parameters in the model.
In comparison to the values gained in sinter pot test runs the simulation is very accurate for the breakthrough time of the heat front and the condensation front as well as the gas composition in means of carbon monoxide and carbon dioxide for the compared duration, which is starting with the sintering phases after the ignition phase and ending with the time of breakthrough of the sintering front through the bottom layers of the packed bed. A variation of parameters shows the most sensitive parameters of the sintering process, which are the mean diameter of particles in the packed bed, void fraction inside the packed bed, the amount of coke breeze added, humidity of the green sinter mix material and the content of Fe 2 O 3 of the ore.
